. Increased Larginine uptake and inducible nitric oxide synthase activity in aortas of rats with heart failure. Am J Physiol Heart Circ Physiol 280: H859-H867, 2001.-L-Arginine crosses the cell membrane primarily through the system y ϩ transporter. The aim of this study was to investigate the role of L-arginine transport in nitric oxide (NO) production in aortas of rats with heart failure induced by myocardial infarction. Tumor necrosis factor-␣ levels in aortas of rats with heart failure were six times higher than in sham rats (P Ͻ 0.01). L-Arginine uptake was increased in aortas of rats with heart failure compared with sham rats (P Ͻ 0.01). Cationic amino acid transporter-2B and inducible (i) nitric oxide synthase (NOS) expression were increased in aortas of rats with heart failure compared with sham rats (P Ͻ 0.05). Aortic strips from rats with heart failure treated with L-arginine but not D-arginine increased NO production (P Ͻ 0.05). The effect of L-arginine on NO production was blocked by L-lysine, a basic amino acid that shares the same system y ϩ transporter with L-arginine, and by the NOS inhibitor N G -nitro-L-arginine methyl ester (L-NAME). Treatment with L-lysine and L-NAME in vivo decreased plasma nitrate and nitrite levels in rats with heart failure (P Ͻ 0.05). Our data demonstrate that NO production is dependent on iNOS activity and L-arginine uptake and suggest that L-arginine transport plays an important role in enhanced NO production in heart failure. cationic amino acid transporter; vascular biology; myocardial dysfunction
ally induced by cytokines, and its enzyme activity is calcium independent.
L-Arginine is transported into cells from the extracellular space primarily through the specific amino acid transport system y ϩ , now known as the cationic amino acid transporter (CAT; see Ref. 5) . System y ϩ is a facilitative process that is Na ϩ independent and pH insensitive. Four members of the CAT family in system y ϩ have recently been cloned and identified. CAT-1 is constitutively expressed and is present in a wide range of tissues (19, 29) . CAT-2A and CAT-2B are more limited in their tissue distribution and have been reported to be physiologically regulated. CAT-3 is a brain tissue-specific CAT. It is of interest that analogs of L-arginine have potent inhibitory effects on system y ϩ (2). For instance, L-homoarginine, differing from Larginine by the presence of a CH 2 group, is a strong competitive inhibitor of system y ϩ action. Other cationic amino acids such as L-lysine also competitively inhibit L-arginine transport via system y ϩ . Heart failure is associated with increases in peripheral resistance of the vasculature. This augmented vascular resistance is detrimental and may contribute to the high mortality of heart failure in the late phases of the disease. Studies have demonstrated that, although endothelium-dependent, NO-mediated vasodilation is decreased (7, 9) , basal NO production is increased in heart failure (8, 13) . The increased basal NO production may be due to increased iNOS activity in the myocardium and vasculature of heart failure (14, 16) . Consequently, it is possible that consumption of intracellular L-arginine may be increased as a result of increased NO production in heart failure. However, it is not known if L-arginine transport is increased in the vasculature of heart failure. Cytokines such as TNF-␣ are increased in patients with heart failure (14, 21) . Recent studies have demonstrated that cytokines induce CAT-2 gene expression in cardiac myocytes and vascular smooth muscle cells (11, 26) . It is not known if CAT-2 expression is increased in heart failure. We hypothesized that CAT-2 expression and L-arginine uptake are increased and contribute to the increased NO production in aortas of heart failure. To test this hypothesis, we employed a rat model of heart failure induced by myocardial infarction and investigated the role of L-arginine transport in NO production in the aortas of rats with heart failure.
MATERIALS AND METHODS
Animals. Experiments were initially conducted on male Sprague-Dawley rats (175-200 g). All animals were maintained on normal rat chow and were given water ad libitum in a 12:12-h light-dark cycle. The animals were caged individually after the initial surgical operation. This study protocol was approved by the Council on Animal Care at the University of Western Ontario.
Induction of heart failure. Heart failure was induced by left coronary artery ligation, as described previously (8, 9) . Experiments were performed 8 wk after this surgery. Hemodynamic measurements were made under pentobarbital sodium anesthesia (50 mg/kg ip), as previously described (8, 9) . Briefly, left ventricular end-diastolic pressure and left ventricular contractility were assessed by inserting a heparinized polyethylene catheter (PE-50; Becton-Dickson, Sparks, MD) in the left ventricle via the right carotid artery. The maximal rates of pressure development and relaxation were assessed with a pressure signal connected to a differentiator. Mean arterial pressure was evaluated using the same catheter in the right carotid artery, after removal from the left ventricle. All pressures and heart rates were measured with a Stratham pressure transducer (model P10 EZ) connected to a pressure monitor and were recorded on a Gould recorder (model 2400 S). All measurements were made in the anesthetized state after an equilibration period (20-30 min) for stabilization after completion of cannulations. At the end of the experiments, the animal was killed, and the heart weight, left ventricular volume and infarct size were measured as we have described previously (8, 9) .
Tumor necrosis factor-␣ ELISA. Tumor necrosis factor-␣ (TNF-␣) levels in aortas were measured using a solid-phase sandwich ELISA (Rat TNF-␣ Ultrasensitive Immunoassay Kit; Biosource International, Camarillo, CA) according to the manufacturer's instructions. Briefly, excised aortas were placed in ice-cold PBS (pH 7.4) containing protease inhibitors (0.25 mM phenylmethylsulfonyl fluoride, 4.5 M leupeptin, and 5 M aprotinin) and mechanically homogenized for 1 min (Polytron Homogenizer; Pro Scientific, Monroe, CT). Homogenates were subsequently centrifuged (10,000 g; 10 min) at 4°C. After the determination of protein concentration using the Lowry method, aliquots (100 l) of lysates corresponding to 200 g of total protein were added to microtiter plates coated with anti-TNF-␣ antibody. Next, a biotinylated antibody specific for TNF-␣ was added. Subsequently, streptavidin-peroxidase was added; the streptavidin-peroxidase binded to the biotinylated antibody. Finally, a stabilized chromogen was added for color development, and optical density was measured at 450 nm. The amount of TNF-␣ in each sample was determined from a linearized standard curve and was expressed as picograms per milligram of total protein.
L-Arginine uptake assay. Uptake of radioactive L-arginine in the rat aorta was measured according to previously described methods with modifications (1, 12) . Immediately after the rat was killed, the aorta was carefully excised from the left renal artery in the abdomen to the aortic valve ring and placed in ice-cold Na ϩ -free, choline-containing Krebs bicarbonate. After the removal of all adherent adventitial tissue, the vessel was cut into six segments ϳ10-15 mm in length. Each segment was cut longitudinally in half, blotted dry, and weighed. In some experiments, the aortic tissues were incubated at 37°C for 3 h to deplete intracellular L-arginine (zero-trans conditions) before the uptake assay (15) . To measure total uptake, aortic segments were incubated with 2 ml of L-[ H]lysine uptake was in turn competitively inhibited using L-arginine (10-800 M). The aortic segments were incubated in an atmosphere of 5% CO 2 and 95% O 2 with continuous shaking at 37°C. After a 40-min incubation period, the segments were removed from the radioactive buffer and washed three times with 1-ml aliquots of ice-cold Na ϩ -free, choline-containing Krebs bicarbonate solution. Subsequently, each segment of the aorta was placed in a tube containing 2% (vol/vol) SDS solution and was heated at 100°C for 1 h. Radioactivity of the ambient incubation buffer and SDS solutions was measured by ␤-scintillation counting (Beckman, Mississauga, ON).
Determination of NOS activity. The activity of the NOS was determined through the conversion of L-[ RT-PCR. Total RNA isolated from fresh aortic tissue with Trizol reagent was reverse transcribed into first-strand cDNA with the utilization of the Moloney murine leukemia virus RT system. Evaluation of CAT-1 and CAT-2B mRNA expression was performed based on a "primer-dropping" method of PCR (30) . To minimize competition for PCR substrates, iNOS and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were amplified independently. Target gene accession numbers, reaction primer sequences, cycle numbers, and annealing temperatures are summarized in Table  1 . Samples were then electrophoresed in gels containing ethidium bromide, illuminated, and subsequently analyzed via computer densitometry. All densitometric data were standardized to GAPDH mRNA.
iNOS Western blot analysis. iNOS protein expression in aortas was determined by Western blot analysis. Total proteins were extracted from aortas as described for the TNF-␣ ELISA. To each sample, SDS was added to a final concentration of 0.1%. Protein concentration was determined by the method of Lowry. Aliquots of lysate corresponding to 100 g of total protein were mixed with loading buffer (1ϫ) and boiled for 5 min. The samples were separated by SDS-PAGE (6% acrylamide/bisacrylamide). Proteins were transferred to nitrocellulose membranes (Hybond; Amersham Life Sciences, Oakville, ON) in the presence of glycine/methanol transfer buffer using the Mini Protean II Transfer System (Bio-Rad). Membranes were blocked in 5% nonfatty dry milk powder in PBS (pH 7.6) overnight at 4°C. Subsequently, the membranes were exposed to anti-mouse iNOS (Transduction Laboratories, Franklin Lakes, NJ) at a concentration of 1:500 in 2.5% milk in PBS (2 h; room temperature). The membranes were washed with PBS (pH 7.6) and 0.05% Tween 20 and exposed 1:2,000 to horseradish peroxidase-conjugated anti-mouse IgG in 2.5% milk in PBS (2 h; room temperature). After the wash, enhanced chemiluminscence detection reagents were employed to visualize peroxidase reaction products. iNOS was detected as a 120-kDa band.
Nitrate/nitrite measurements. Plasma nitrate/nitrite (NO x ) levels were measured using Aspergillus nitrate reductase and the Griess reagent as we have described previously (8) . The Griess reagent (2% sulfanilamide and 0.2% naphthylenediamine both in 5% phosphoric acid, 1:1 mixture) was used to react with nitrite in the sample, and the absorbance was determined at 540 nm with a spectrophotometer. The concentrations were calculated from a linearized standard curve derived from solutions of NaNO 3 (5-100 mol/l). All animals were fasted for 18 h before the collection of plasma to eliminate any effects that rat chow nitrates and nitrites could potentially have on these experiments. Animals were given water containing 10% D-glucose during this fasting period.
In vitro NO production in aortas. The in vitro aortic NO production was measured according to a previously described method with modifications (28) . Briefly, fresh thoracic aortas from rats with heart failure were isolated and placed in sterilized ice-cold PBS (pH 7.4). Under sterile conditions, aortas were cleared of adventitial tissue and washed three times in PBS. Subsequently, the aortas were cut longitudinally into four segments. After each segment was weighed individually, 1 ml of MEM culture medium alone or supplemented with 1 mM L-arginine, 1 mM L-arginine plus 10 mM L-lysine, 1 mM L-arginine plus 1 mM N G -nitro-L-arginine methyl ester (L-NAME), or 1 mM D-arginine was separated into aliquots into four culture dishes. Aortic segments were transferred to the culture dishes and incubated at 37°C under atmospheric conditions of 5% CO 2 and 95% air. After a 24-h incubation time, the culture medium of each dish was collected in separate microcentrifuge tubes. The medium of each tube was subsequently dried (model SVC100H; Savant Speed Vacuum Concentrator), and the resulting pellets were redissolved with 100 l of distilled water. Total nitrite and nitrate contained in each sample was measured using Griess reagent as described above.
Reagents. The Aspergillus nitrate reductase was purchased from Boehringer Mannheim (Laval, QU), and the 550°silicone oil was obtained from Dow Corning (London, ON). The L- [2,3,4,5- 3 H]arginine was purchased from Amersham Life Sciences. The L- [3,4- 3 H]lysine was from ICN Pharmaceuticals (Irvine, CA). MEM culture medium without phenyl red and without L-glutamine, TRIzol reagent, Moloney murine leukemia virus, and Taq polymerases were purchased from GIBCO-BRL (Burlington, ON). All other chemicals were purchased from Sigma (Oakville, ON).
Statistical analysis. Data are expressed as means Ϯ SE. Differences between heart failure and sham control groups were compared using unpaired Student's t-test or MannWhitney rank sum test. For multigroup comparisons, ANOVA followed by the Student-Newman-Keuls test was performed (Sigma Stat version 1.1; Jandel). A two-tailed P value Ͻ0.05 was considered statistically significant.
RESULTS

Characterization of L-arginine uptake in normal rat aortas. Incubation of normal rat aortas with L-[
3 H]arginine resulted in a time-and concentration-dependent increase in L-arginine uptake that was Na ϩ independent (Fig. 1, A and B) . Peak uptake of L-[ 3 H]arginine was ϳ40 min after incubation. Hence, a 40-min incubation time was used for all subsequent experiments.
Uptake of L-[
3 H]arginine was similar in different segments from the aortic root to the abdominal aorta, suggesting that there is no regional difference in Larginine uptake in aortas (Fig. 1C ). L-[ concentrations of L-arginine in rat aortas (Fig. 2, A  and B) .
To assess the contribution of the endothelium to L-arginine uptake in rat aortas, the vessel endothelium was disrupted by scraping with a scalpel blade. A concentration-dependent increase in L-[
3 H]arginine uptake was observed in normal rat aortas with intact endothelium. However, L-arginine uptake was decreased significantly in endothelium-denuded vessels (P Ͻ 0.05; Fig. 2C ). Preincubation of aortas in Krebs buffer for 3 h to deplete intracellular amino acids did not significantly alter L-[ 3 H]arginine uptake at 200 M concentration of L-arginine in either endothelium-intact or -denuded aortas. However, a significant difference in L-[ 3 H]arginine uptake was still present between endothelium-intact and endothelium-denuded aortas (P Ͻ 0.05; Fig. 2D ).
General characteristics of heart failure. The infarct size of coronary artery-ligated rats was 42 Ϯ 2% (n ϭ Fig. 3 . Tumor necrosis factor-␣ (TNF-␣) in aortas of rats with heart failure (n ϭ 5) and sham-operated rats (n ϭ 5). TNF-␣ protein content in aortic tissue was determined by ELISA. Aortas from rats with heart failure had markedly higher TNF-␣ levels vs. sham controls. **P Ͻ 0.01. Fig. 4 . L-Arginine uptake in aortas of rats with heart failure (n ϭ 7) and sham-operated rats (n ϭ 6). Uptake of 200 M L-[ 3 H]arginine in aortas was carried out after 3 h of incubation in L-arginine-free medium to deplete intracellular L-arginine. **P Ͻ 0.01. Removal of endothelium from aortas of rats with heart failure (n ϭ 5) significantly reduced L-[ 3 H]arginine uptake. *P Ͻ 0.05. Fig. 5 . Expression of cationic amino acid transporter (CAT)-1 and CAT-2B mRNA in aortas of rats with heart failure by RT-PCR. A: representative gel of CAT-1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) coamplification. The PCR products from rats with heart failure and sham rats (n ϭ 2/group) were electrophoresed through a 1.5% agarose gel. M, molecular marker. B: representative gel of CAT-2B and GAPDH coamplification. C: amplification of GAPDH alone. D: CAT-1-to-GAPDH optical density (OD) ratio. No significant difference was observed between heart failure (n ϭ 4) and sham (n ϭ 4) aortas. E: CAT-2B-to-GAPDH optical density ratio (n ϭ 5/group). *P Ͻ 0.05. 23 ) of the left ventricle. No myocardial infarction was observed in sham-operated control rats (n ϭ 26). Rats with heart failure had signs of cardiac dilatation, pulmonary and hepatic congestion, pleural effusion, and ascites. In heart failure, the weight of the whole heart and left and right ventricles was increased significantly compared with sham-operated rats (P Ͻ 0.01), whereas body weight was similar between the two groups [P ϭ not significant (NS); Table 2 ]. Ten heart failure and 10 sham-operated rats were chosen randomly for hemodynamic measurements. Cardiac index was decreased, whereas left ventricular end-diastolic pressure was significantly increased in rats with heart failure (P Ͻ 0.01; Table 2 ). These hemodynamic changes in coronary artery-ligated rats were characteristic of clinical heart failure.
TNF-␣ levels in aortas of rats with heart failure. To determine that heart failure was associated with altered cytokine levels, aortic TNF-␣ was assessed by ELISA. Indeed, average levels of TNF-␣ in the aortic tissue of rats with heart failure were six times higher than in sham-operated rats (P Ͻ 0.01; Fig. 3) .
L-Arginine uptake in aortas of rats with heart failure. To examine whether the functional transport of Larginine is altered in aortas of rats with heart failure, uptake studies of L-[ 3 H]arginine were carried out. Uptake experiments were performed with 200 M L-arginine, a concentration reflective of the basal L-arginine plasma level in normal rats as we demonstrated in our previous studies (8) . The data from endothelium-intact aortas showed a 40% increase in L- [ 3 H]arginine uptake in rats with heart failure compared with sham-operated controls (P Ͻ 0.01; Fig. 4) . Removal of endothelium from aortas of rats with heart failure significantly reduced L-[ 3 H]arginine uptake (P Ͻ 0.05; Fig. 4) . CAT mRNA expression in aortas of rats with heart failure. PCR reactions were carried out at linear amplifications for CAT-1, CAT-2B, and GAPDH. With the use of a primer-dropping method, two distinct bands coamplified from equal aliquots of cDNA were observed for each aortic sample (Fig. 5, A and B) . CAT-1-to-GAPDH density ratios revealed no significant differences between rats with heart failure and sham rats (P ϭ NS; Fig. 5D ). However, the CAT-2B-to-GAPDH density ratio was significantly increased in aortas of heart failure compared with sham-operated controls (P Ͻ 0.05; Fig. 5E ). Interestingly, GAPDH levels seem to vary with the amount of CAT-2B present, where greater amounts of CAT-2B amplification seem to compete with GAPDH coamplification. To confirm that equal amounts of cDNA were being amplified in each sample, GAPDH was amplified alone for 19 cycles. Indeed, it was demonstrated that similar amounts of cDNA were present in each sample undergoing the coamplification procedure (Fig. 5C) .
Expression of iNOS protein and activity in aortas of rats with heart failure. The cDNA of iNOS and GAPDH from aortas was amplified by PCR. PCR products of iNOS and GAPDH are shown in Fig. 6 . The density ratios of iNOS/GAPDH were increased significantly in heart failure compared with sham controls (P Ͻ 0.05; Fig. 6D ). Additionally, marked iNOS protein expression was observed in aortas from rats with heart failure compared with sham controls (Fig. 6C) . Calcium- Fig. 6 . Expression of inducible nitric oxide synthase (iNOS) protein and activity in aortas of rats with heart failure. The RT-PCR products from rats with heart failure and sham rats were electrophoresed through a 1.5% agarose gel. A: iNOS amplification. B: GAPDH amplification. C: iNOS protein expression in aortas of rats with heart failure and sham-operated controls (n ϭ 3/group). D: iNOS-to-GAPDH optical density ratio (n ϭ 5/group). E: calcium-dependent and -independent nitric oxide synthase (NOS) activity in the aorta of rats with heart failure and sham rats. Aortas from 2-4 rats were used for each assay. Eight assays were performed in each group. cNOS, calcium-dependent NOS. *P Ͻ 0.05 vs. sham. dependent and -independent NOS activities were determined in aortas by the L-arginine-L-citrulline conversion assay. Calcium-dependent NOS activity was decreased in heart failure (P Ͻ 0.05), whereas calciumindependent NOS activity was increased in heart failure compared with sham-operated rats (P Ͻ 0.05; Fig.  6E) .
Effects of L-arginine transport on NO production in heart failure. To examine the role of L-arginine uptake in NO production, aortic segments from rats with heart failure were treated in culture with supplemental Larginine, or with L-arginine plus L-lysine, a competitive inhibitor of L-arginine uptake through system y ϩ . Segments treated with D-arginine or in the culture medium alone were used as controls. Culture medium from the segments containing supplemental L-arginine demonstrated a significant increase in NO x levels compared with control segments (278 Ϯ 21 vs. 82 Ϯ 24 pmol/mg aortic tissue, P Ͻ 0.05; Fig. 7 ). This effect of L-arginine was inhibited completely by L-lysine and L-NAME. D-Arginine is not a substrate of NOS nor is it transported through system y ϩ ; moreover, this enantiomer did not alter NO x levels in the medium compared with the control segments (P ϭ NS; Fig. 7 ). When the endothelium was removed, L-arginine did not increase NO x production in the aortas of rats with heart failure (P ϭ NS; Fig. 7) .
Plasma nitrate and nitrite levels in heart failure. Plasma NO x levels were measured in rats with heart failure and sham-operated controls to assess total NO production. To eliminate the effects of diet on NO x measurements, both rats with heart failure and sham rats were fasted for 18 h before blood samples were taken. During the fasting period, 10% glucose as drinking water was accessible to all rats. There was a greater than twofold increase in plasma NO x levels in rats with heart failure compared with sham-operated controls (P Ͻ 0.05; Fig. 8 ). Treatment with L-lysine (9.1 g/l) or L-NAME (100 mg/l) in 10% glucose drinking water during the 18-h fasting period significantly decreased plasma NO x levels in rats with heart failure (P Ͻ 0.05; Fig. 8 ).
DISCUSSION
In the present study, we demonstrated for the first time that functional L-arginine uptake and CAT-2B expression are significantly increased in aortas of rats with heart failure. We also demonstrated that NO production and iNOS expression are increased in aortas of rats with heart failure. Furthermore, selective inhibition of L-arginine uptake decreases NO production in aortas and plasma NO x levels in heart failure. These results suggest that upregulation of both Larginine uptake and iNOS activity is required for increased NO production in rats with heart failure.
Uptake of cationic amino acids in mammalian cells occurs primarily through system y ϩ (5). Studies have shown that anywhere from 70 to 90% of the measurable uptake of L-arginine in pulmonary endothelial cells occurs via system y ϩ (12) . In the present study, the incubation buffers containing Na ϩ or free of Na ϩ demonstrated similar uptake in rat aortas. L-Arginine uptake was inhibited competitively by increasing concentrations of another basic amino acid, L-lysine, which is transported via system y ϩ but does not interfere with metabolic pathways of L-arginine (2, 12) . Furthermore, L-arginine uptake was decreased markedly after removal of the endothelium. The results suggest that L-arginine uptake in rat aortas is through system y ϩ and that the endothelium is the major site of uptake. In rats with heart failure, aortic L-arginine uptake was increased. When the endothelium was removed, L-arginine uptake was decreased, suggesting that endothelium contributes significantly to the increased L-arginine uptake in the aorta of heart failure. Fig. 7 . Effects of L-arginine uptake on nitrate/nitrite (NO x ) production (%control) in aortas of rats with heart failure. Treatment with L-arginine (1 mM) significantly increased NO x production (*P Ͻ 0.05). This effect was inhibited by 10 mM L-lysine or 1 mM N G -nitro-L-arginine methyl ester (L-NAME). D-Arginine (1 mM) had no effect. Removal of endothelium abolished the effects of L-arginine. Control, MEM medium with no amino acid supplementation (n ϭ 4-6/group). Fig. 8 . Plasma NO x concentrations in sham rats and rats with heart failure. All rats were fasted for 18 h and were treated with 10% D-glucose alone or with 9.1 g/l (50 mmol/l) L-lysine or 100 mg/l L-NAME added to their 10% D-glucose drinking water (n ϭ 5-8/ group). *P Ͻ 0.05 vs. all groups.
Transporters responsible for L-arginine uptake have recently been cloned and identified. CAT-1 mRNA expression has been demonstrated to be ubiquitous in mammalian tissue, whereas CAT-2 mRNA expression has been reported to be physiologically regulated (11, 22) . Furthermore, CAT-1 and CAT-2B isoforms are high-affinity transporters of system y ϩ , whereas CAT-2A is a low-affinity transporter (6) . This investigation evaluated mRNA expression of the high-affinity CAT-1 and CAT-2B transporters. We demonstrated that both CAT-1 and CAT-2B transporters were present in the rat aortas. Although CAT-1 mRNA expression was not altered, CAT-2B mRNA expression was significantly increased in the aortas of rats with heart failure. These data suggest that increased expression of CAT-2B may contribute to the increased L-arginine uptake in the aortas of rats with heart failure.
Interestingly, Hanssen et al. (15) have recently demonstrated that L-arginine uptake is increased in erythrocytes of patients with heart failure. Although eNOS protein has been demonstrated to be present in erythrocytes by some studies, the significance of NO production by erythrocytes is still not clear (4) . In a separate study, we also demonstrated an increased L-arginine uptake in erythrocytes of rats with heart failure (unpublished data). Thus changes of L-arginine uptake in erythrocytes seem to parallel those of aortas in heart failure. However, the biochemical pathways of L-arginine, especially the contribution of the L-arginine/NO pathway in erythrocytes, remains to be determined.
Heart failure is associated with dysfunction of the endothelium. Decreased endothelium-dependent relaxation has been documented in the peripheral arteries of a pacing-induced heart failure dog model (20) and in thoracic aortas and hindquarter resistance arteries in the infarction-induced heart failure rat model by numerous investigators, including ourselves (7) (8) (9) . In the present study, calcium-dependent NOS activity was also decreased in the aortas of these rats with heart failure, suggesting that the attenuated vasodilation is due to a decrease of eNOS activity. Paradoxically, plasma nitrate and nitrite, stable metabolites of NO, were increased significantly, suggesting increased basal NO production. We further demonstrated that iNOS mRNA and protein expression and iNOS activity were increased in aortas of rats with heart failure. Our data suggest that the increased iNOS expression and activity contribute to increased NO production in this heart failure rat model.
The role of L-arginine transport in NO production in the aortas of heart failure has not been demonstrated previously. In the present study, aortic segments from rats with heart failure were treated with D-arginine and L-arginine with and without L-lysine, a competitive inhibitor of L-arginine uptake through system y ϩ . A novel finding of our study is that competitive inhibition of L-arginine uptake by L-lysine decreases NO production in aortas of rats with heart failure. The results indicate that the iNOS enzyme relies on a continuous L-arginine supply from the extracellular compartment, and L-arginine transport is essential for the enhanced NO production as a result of increased iNOS expression. L-NAME inhibits NOS activity without any effects on L-arginine transport (2) . We further demonstrated that L-NAME and L-lysine independently inhibited NO production in aortas in vitro and decreased plasma nitrate and nitrite levels in vivo in rats with heart failure. These data strongly suggest that increased activities of both iNOS and L-arginine uptake are required for increased NO production in the aortas of rats with heart failure.
Mechanisms of the increased iNOS and CAT-2B expression in heart failure are still not fully understood. Cytokines such as TNF-␣ have been implicated in the pathogenesis of many heart diseases, including acute myocardial infarction (18) . In patients with heart failure, circulating levels of TNF-␣ are elevated markedly (21) . Furthermore, strong immunoreactivity for TNF-␣ colocalizes with iNOS in myocardial tissue of patients with dilated cardiomyopathy, suggesting that TNF-␣ is associated with iNOS expression (14) . We recently showed that TNF-␣ induces iNOS expression in cultured neonatal cardiomyocytes (27) . Studies have demonstrated that expression of CAT-2 mRNA is increased in vascular smooth muscle cells, cardiac myocytes, and activated macrophages upon treatment with cytokines (11, 26) . In the present study, we demonstrated for the first time that TNF-␣ levels were increased in the aortas of rats with heart failure compared with sham controls. Our data suggest that increased production of cytokines may play an important role in iNOS and CAT-2B induction in the aortas of heart failure. Other factors may also be involved in the complex regulation of iNOS and CAT-2B induction in heart failure. Among these, activation of ANG II and ␣-adrenergic receptors, activation of protein kinase C isoforms, and increases in cAMP, all of which are important components of the neurohumoral activation characteristic of heart failure, may promote both iNOS and CAT-2B expression (17, 22, 24) . Infiltration of macrophages expressing iNOS represents another mechanism whereby iNOS activity may be increased in heart failure (10). Thus increased cytokines and the associated promoting factors and activated macrophages may contribute significantly to the increased iNOS and CAT-2B expression in heart failure.
In summary, the present study demonstrated that in rats with heart failure TNF-␣ levels, functional L-arginine uptake, and molecular expression of CAT-2B are increased in aortas. We also demonstrated that basal NO production and aortic iNOS expression are increased. Furthermore, selective inhibition of L-arginine uptake decreases NO production in aortas and plasma NO x levels. These results suggest that upregulation of both L-arginine uptake and iNOS activity is associated with increased NO production in rats with heart failure. Because increased NO production is dependent on increased L-arginine uptake, we conclude that L-arginine transport plays an important role in enhanced NO production in heart failure. 
